Sandwich-like Ag-C-Ag nanoparticles (Ag-C-Ag NPs) were mildly synthesized under hydrothermal conditions in one step method. With this approach, Ag was not only encapsulated in the centre of an individual carbon nanosphere and was also uniformly dispersed within the carbon matrix up to the sphere's shell. Then, poly(3-hexylthiophene): Ag-C-Ag NPs (P3HT:Ag-C-Ag NPs) composite films were prepared by a spin coating method with a mixture chlorobenzene solution of Ag-C-Ag NPs and P3HT. Both morphology and microstructure of Ag-C-Ag NPs were investigated by field emission scanning electron microscopy and high resolution transmission electron microscopy. The possible formation mechanism was proposed.
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Introduction
Hybird nanoparticles or sub-microparticles represent a new kind of structure, the structure has attracted much attention in recent years. The hybrid structure possesses improved physical and chemical properties over its single-component counterparts [1] [2] [3] [4] [5] [6] [7] [8] , such as remarkably enhanced photoluminescence efficiency and prominent catalytic property in specific reactions, which may widen its potential applications in electronics, magnetism, optics, and catalysis.
Metal materials have also been reported to increase light absorption in active layers of solar cells (SCs) with their plasma effects [9] [10] [11] . At the nano-scale, metallic nanoparticles can be penetrated by electromagnetic waves, which induce a separation of charges and consequently a coherent oscillation (surface plasmon). Surface plasmons are essentially light waves that are trapped on the surfaces because of their interaction with the free electrons of the metal 12 . The primary consequences of excitation due to localized surface plasmon resonance are selective photo absorption, scattering, and local electromagnetic field enhancement 13 . Silver (Ag) exhibits highest electrical and thermal conductivities among all types of metal and has a good property of oxidation resistance. Its optical trapping potential is also most effective owing to its high scattering efficiency in a visible range 14 . However, silver nanoparticles are prone to coalesce as a result of van der waals forces and high surface energy unless they are protected 2 . Carbon nanospheres have been proposed to provide a role in protection. 15 As a part of the carbon family, carbon nanospheres, which have stable chemical, thermal properties and low preparation cost, are promising to be used as a metal support.
Sun and Li 16 got Ag/C core/shell spheres using water as environmentally benign solvent. Carbon nanospheres loading silver nanoparticles were also obtained by two-step methods 17, 18 . Though Wang et al 17 investigated a new synthesis route of Ag/C core/shell nanospheres with many small Ag particles on the surface of a shell structure, the synthesis steps were complex and not so eco-friendly.
In this study, sandwich-like Ag-C-Ag nanoparticles (Ag-C-Ag NPs), with Ag encapsulated in the middle of a carbon nanosphere, distributed in the carbon shell and loaded on the surface of the carbon sphere, were synthesized in one step under typical hydrothermal conditions. Their application as an acceptor for polymer solar cells with P3HT as the donor becomes attractive in this study. This composite structure is expected to yield an enhanced and broader absorption range of the solar spectrum that could induce a remarkable increase in charge generation. Ultraviolet-visible (UV-vis) and photoluminescence (PL) spectroscopies were used to confirm the optical behaviour.
Experimental

Preparation of sandwich-like Ag-C-Ag NPs
In a typical preparation, 30 ml of 0.4 M aqueous glucose solution was added to a 50 ml Teflon liner, then 2 ml of 0.03 M AgNO 3 aqueous solution was added dropwise under vigorous stirring. Having been ultrasonicated for 20 minutes, the mixture of solution was placed in an autoclave. The autoclave was heated to a certain temperature (180, 190 and 200℃) , kept at this selected temperature for 4 hours and then cooled to room temperature. The resulting salmon precipitate was collected through centrifugation and washed with distilled water and absolute alcohol for several times. The product was redispersed in absolute ethanol and subsequently dried at 50℃ for 24 hours in an oven.
Fabrication of P3HT:Ag-C-Ag NPs composite films
Regioregular P3HT was provided commercially by Luoyang Microlight Material Technology Co., Ltd and used without further purification. 10 mg of P3HT were diluted in 1 ml of chlorobenzene, then 0, 2.5, 5 and 10 mg of Ag-C-Ag NPs were added in the above solutions separately. P3HT and Ag-C-Ag NPs in the mass ratio of 1:0, 4:1, 2:1, 1:1 were mixed in solution sates. Then the mixture solutions were magnetically stirred for 12 hours.
Glass substrates were precleaned repeatedly in an ultrasonic bath and sequentially cleaned by detergent, deionized water, ethanol and acetone respectively.
The P3HT:Ag-C-Ag NPs solution was spin-coated onto the cleaned glass substrate at a spin rate of 1000 rpm for 1 minute and dried under the room temperature.
Materials characterization
The morphologies of the samples were characterized by a JSM-6700F field 
Results and discussion
Characterization of sandwich-like Ag-C-Ag NPs
The Ag-C-Ag NPs were prepared by hydrothermal method at different temperatures, as shown in Fig 
Formation mechanism of sandwich-like Ag-C-Ag NPs
A possible formation mechanism is schematically illustrated in Fig. 6 . There are four stages. Initially, Ag + did not react with glucose under the ambient condition.
However, as the solution was sealed in autoclaves and heated to 190-200℃, Ag + was reduced by glucose under hydrothermal conditions. At the beginning stage as shown in Fig. 6(a) , most of the silver ions in the solution was deoxidized by glucose and Ag nanoparticles were nucleated 7, 16 . In the following stage shown in Fig. 6(b) , carbon shells were formed by in-suit deposition of carbonaceous products around the surface of an Ag core with Ag nanoparticles catalysing the carbonization of glucose 7, 19 . In the third stage shown in Fig. 6(c) , as reaction proceeded, the unreacted Ag 
Feasibility analysis of a potential application
To explore a potential application of the Ag-C-Ag NPs and Ag nanoparticles encapsulated in carbon spheres (Ag@C NPs) in photovoltaic cells, a CV test of Ag-C-Ag NPs and Ag@C NPs was carried out for determination of their band gap energies. As shown in Fig. 7 , both HOMO and LUMO energy levels were estimated from their onset oxidation potential and reduction potential according to Equations (1) and (2) 21 as follows: , which can be expressed as follows:
In the active layers, the HOMO level for P3HT is -5.0 eV, the LUMO levels of Ag@C 
Optical properties of P3HT: Ag-C-Ag NPs composite films
To further investigate a possible application of Ag-C-Ag NPs in an active layer, the P3HT:Ag-C-Ag NPs mixture solutions were spin-coated on quartz and characterized by UV-Vis and PL. The PL spectra of pure P3HT, Ag-C-Ag NPs and composite films with different mass ratios were studied, with emphasis on quenching phenomena in order to compare their efficiencies of a photo-induced charge transfer.
The PL spectra were obtained at an excitation wavelength of 420 nm in the range from 500 to 820 nm. It is evident from Fig. 8 that when Ag-C-Ag NPs were introduced into the P3HT, the PL intensity of the composite films was significantly quenched. The quenching suggests a photo-induced charge transfer in the composite films 24 . This implies that electrons and holes are separated effectively and transferred in their interpenetrating phase. The quenching phenomena are more obvious when the mixing ratios are 2:1 and 1:1. Fig. 8 also shows a few minor peaks which indicate that some of the excited electrons of P3HT were radiatively decayed without a completion of a charge transfer to the acceptor 25 . The outcome from the PL quenching test
suggests that the Ag-C-Ag NPs may accept electrons efficiently from the P3HT donor polymer. This result is in a good agreement with the PL characterization results shown in Fig.   8 .
To investigate the optical properties of P3HT:Ag-C-Ag NPs composite films, the UV-Vis absorption spectra of P3HT:Ag-C-Ag NPs (2:1; w/w) were investigated.
Besides, Ag-C-Ag NPs prepared at 180℃ (Ag-C-Ag NPs-180) were used for a comparison, which contain barely any Ag nanoparticles. Fig. 10 shows the UV-Vis absorption spectra of P3HT, P3HT:Ag-C-Ag NPs (2:1; w/w), P3HT:Ag-C-Ag NPs-180 (2:1; w/w) and the difference spectra between the composite films and P3HT
in the solid state. In the spectrum of pure P3HT, the highest energy peak exists at 526 nm. Two shoulders can also be found at 553 and 599 nm, which represent vibrational excitations of crystalline P3HT. After pure P3HT is blended with the P3HT:Ag-C-Ag
NPs-180, the absorbance of the composite film in the region of 400-700 nm is weakly 
Conclusions
Synthesis and optical properties of the composite films from P3HT and sandwich-like Ag-C-Ag nanoparticles have been investigated. Based on the above results and discussion, the following conclusions can be drawn:
i) Sandwich-like Ag-C-Ag NPs were hydrothermally synthesized with one step method and the possible formation mechanism of Ag-C-Ag NPs was proposed.
With this method, Ag was not only encapsulated in the centre of a carbon nanosphere and also uniformly dispersed within the carbon matrix and on the carbon nanosphere's shell.
ii) The ratio of Ag nanocrystals in Ag-C-Ag NPs is about 5.30% and the Ag-C-Ag
NPs present many functional groups. These groups facilitate them further functionalization and various applications.
iii) With a matched energy level, the Ag-C-Ag NPs and P3HT composite films possess apparent quenching phenomena indicating an efficiently photoinduced charge transfer in the composite films, and enhanced absorption in the optical range, which is due to the plasmon resonances of Ag nanoparticles in Ag-C-Ag
NPs. Therefore, sandwich-like Ag-C-Ag NPs have a great potential to be a new highly efficient acceptor material for an application in polymer solar cells.
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